Ground-state crystal structures are predicted for Cr 3 O 8 and LiCr 3 O 8 from accurate first-principles densityfunctional calculations by considering several ͑25 for the former and 12 for the latter phase͒ related structure types. Both phases stabilize in monoclinic ͑C2/m͒ structures with slight variations in the atomic arrangement of the chromium-oxygen framework. Structural optimization is also performed for Cr 8 
I. INTRODUCTION
Oxides containing mixed-valent transition metals have attracted much attention since the discovery of colossal magnetoresistance phenomena. The present authors have previously reported 1 on the electronic and magnetic properties of ACr 3 O 8 ͑A =Na,K,Rb͒ which formally contains Cr in mixed-valence states. In this communication we present the results of first-principles density-functional theory ͑DFT͒ calculations on the related phases Cr 3 O 8 and LiCr 3 O 8 . In addition to the mixed-valence aspects associated with chromium, these phases are also of considerable interest in relation to application as cathode material in batteries ͑see Ref. 2 and references therein͒.
Rechargeable lithium batteries are attractive for use in light-weight, high-energy-density-storage devices with applications ranging from small portable electronics to larger mobile electrical units. Batteries consist of an anode and a cathode separated by a suitable electrolyte. In lithium batteries, the anode comprises Li at a high chemical potential, e.g., Li metal, Li-Al alloys, or Li dissolved in carbon. A low Li chemical potential is established at the cathode which may have its chemical anchoring in a suitable metal oxide or sulfide that can intercalate Li. Li ions are intercalated into the cathode when the battery is discharged and deintercalated when it is charged. The open cell voltage of the battery is directly proportional to the chemical potential difference between the Li in anode and cathode. 3 An appreciable amount of research has been made to find possible Li cathode materials based on lithium-intercalated transition-metal oxides since these materials generally appear to exhibit quite high cell voltages and the series Li x MO 2 ͑M = Ti-Zn͒ has, e.g., been subjected to a number of first-principles theoretical studies. [3] [4] [5] The insertion of Li in chromiun oxides by both chemical and electrochemical means was apparently first demonstrated by Koksbang and Norby. 6 Chromium oxides as constituents for cathodes are particularly attractive because of their high energy density and high capacity at low discharge rates. For example, the calculated energy density for the couple Li/ Cr 3 O 8 is reported to be about twice that of the couple Li/ TiS 2 . 7 Moreover, the couple Li/ Cr 3 O 8 has open circuit and averaged discharge voltages of 3.8 and 3.0 V, respectively, as well as a cell voltage comparable to that of already commercially available lithium batteries. Several studies ͑see Refs. 2 and 8͒ have shown that Cr 3 O 8 cathodes exhibit good performance for the reversible cycling which involve Li intercalation/deintercalation, and the high energy density and good rechargeability have indeed made it a promising cathode material for Li batteries. It may be mentioned that the maximum charge transfer estimated 8 for the Li/ Cr 3 O 8 couple is more than 50% larger than the average charge transfer accepted for the batteries developed by the Varta company. 9 At room temperature Cr 3 O 8 ͑as well as CrO 3 and Cr 8 O 21 which will enter in the consideration below͒ is insensitive to overdischarging and can be cycled even at voltages of 2 V. 10 A disadvantage which the Li/ Cr 3 O 8 couple has in common with other battery constructions based on intercalation mechanisms is slow kinetics.
In general, the suitability of different host matrices as secondary intercalation cathodes in lithium cells depends on their crystal structure and electronic properties. 11 Further the Li ions mobility is mainly related to the atomic architecture of the host structure and more specifically to the electrostatic interaction between Li ions and relevant parts of the host. The maximum lithium uptake is related to the number of sites that can accommodate Li and/or to the number of electronic states available for the corresponding electrons. High Li + uptake is clearly beneficial for high energy density, but may be accompanied by serious structural changes of the host. In fact, the interior structure and external morphology of the host may in general suffer appreciably during the intercalation and deintercalation reactions. For example, the repeated cycling of Li/ Cr 3 O 8 cathodes under battery conditions is reported 12 to give rise to increasingly disordered materials ͑viz. gradual deterioration toward an amorphous state 2 ͒. In this scenario, it is likely that structural studies on Cr 3 O 8 and LiCr 3 O 8 can provide crucial information for the under-standing of the structural stability and other physical properties of these materials and in turn lead ways to improve their battery performance. However, experimental structural studies on Cr 3 O 8 and LiCr 3 O 8 are hitherto rather limited, [13] [14] [15] [16] which may be due to difficulties involved in preparation of single crystals. Hence we have undertaken a detailed study on structural stability, electronic structure, magnetic structure, and bonding characteristics for these materials using accurate DFT calculations. The advantage of ab initio calculations is that we require only the atomic numbers of the constituents of the phase under investigation and suitable guess structures.
II. COMPUTATIONAL DETAILS
The main aim of the present work has been to establish the ground-state crystal structures of Cr 3 O 8 and LiCr 3 O 8 , and for this purpose a number of possible guess structures have been considered in the structural optimization calculations using the projected augmented plane-wave 17 ͑PAW͒ method as implemented in the Vienna ab initio simulation package ͑VASP͒. 18 In this approach the valence orbitals are expanded as plane waves and the interactions between the core and valence electrons are described by pseudopotentials. The optimization of the atomic geometry was performed via a conjugate-gradient minimization of the total energy, using Hellmann-Feynman forces on the atoms and the stresses in the unit cell. During the simulations, atomic coordinates and axial ratios are allowed to relax for different volumes of the unit cell. These parameters are changed iteratively so that the sum of the lattice energy and the electronic free energy converges to a minimum value. The ground state is calculated exactly for each set of atomic positions and the electronic free energy is taken as the quantity to be minimized. Convergence minimum with respect to atomic shifts was assumed to have been attained when the energy difference between two successive iterations was less than 10 −7 eV per unit cell and the forces acting on the atoms were less than 1 meV Å −1 . The generalized-gradient approximation 19 ͑GGA͒ was used to obtain the accurate exchange and correlation energy for all the atomic configurations. The calculations were carried out using 4 ϫ 8 ϫ 8 Monkhorst-Pack k-points grid, equivalent to 64 k points in the irreducible Brillouin zone. Any further increase in the number of k points proved to have negligible effect on the total energy. A plane-wave energy cutoff of 550 eV was used in all calculations. In order to avoid ambiguities in the free-energy results we have used same energy cutoff and k-point density in all calculations. Calculations were performed for paramagnetic ͑P͒, ferromagnetic ͑F͒, and antiferromagnetic ͑AF͒ configurations of all guess structures with favorably low total energy ͑notably CrO 3 , Cr 3 O 8 -I and -II, Cr 8 O 21 , and LiCr 3 O 8 -I and -II͒. We have calculated the total energy of the compounds as a function of volume for ten different volumes, fitted the results to the so-called "universal equation of state," 20 and extracted the bulk modulus ͑B 0 ͒.
III. STRUCTURAL CONSIDERATIONS
The first structural study 15 of Cr 3 O 8 indexed the x-ray diffraction pattern of a sample with the said ͑not documented͒ composition on the basis of an orthorhombic unit cell, with unspecified space group and without any information on atomic positions. The most recent study 16 was performed on a sample with the slightly different composition Cr 8 O 21 and describes the structure as triclinic ͑P1͒ on the basis of information from powder diffraction using conventional x-ray, neutron, and x-ray synchrotron radiation. ͑The fact that the unit-cell volume reported in Ref. 15 
and ⑀-U 3 O 8 ͑Amm2͒. In the course of the study it also seemed appropriate to perform structural optimization on 24 CrO 3 which comprises a virtually one-dimensional arrangement of strings of corner sharing CrO 4 tetrahedra ͓Fig. 1͑a͔͒.
We considered also a number of different structure types as inputs to establish the ground-state structure of LiCr 3 O 8 . Obviously one starting point had to be the experimentally reported 13 LiCr 3 O 8 structure based on Cmcm symmetry. This structure is described as built up of somewhat staggered strings of ͑Li, Cr͒O 6 octahedra connected by edge sharing in the c direction, the strings being in turn linked via cornersharing CrO 4 tetrahedra to give the structure a certain threedimensional character. 8 . It should be noted that our attempts to perform DFT structural optimization for CrO 3 proved rather unsuccessful. In the first place the calculations converged rather slowly and oscillating, and also they terminated at unit-cell dimensions and positional parameters much different from the experimental values. 24 We believe that the root of the problem is the distinct one-dimensional character of the CrO 3 structure which may obscure the DFT calculation. It is well known that the DFT approach ͑in particular GGA͒ underestimates intermolecular, van der Waals-type binding.
As seen from Fig. 2͑c͒ 13 description for the LiCr 3 O 8 -II structure in space group Cmcm, Li and one third of the Cr atoms are randomly distributed in a fourfold position. In order to bring the disorder aspect into the computations, we constructed a supercell with periodic arrangements of Li and Cr1 to mimic the experimentally reported structure. At the start of the calculations it was detected that forces of around 2.6 eV Å −1 were acting at the oxygen sites which clearly signaled certain defects in the experimental LiCr 3 O 8 -II structure. This suspicion was further reinforced during the calculations which finally converged with a gain of more than 1.3 eV f.u. −1 in total energy and structural parameters that were "miles away" from the input values. On careful analysis of our computed LiCr 3 O 8 -II structure it turned out that this really belongs to space group C2/m rather than Cmcm. Although this is "accidentally" the same space group as adopted by variant I, the atomic arrangement is quite different. With our retrospective wisdom we tried to convert Wilhelmi's structure to space group C2/m, but the efforts were in vain. Hence the calculated structure specification included in Table I represents an appreciably modified version of Wilhelmi's structure, and it is pertinent to ask what can possibly have gone wrong in Wilhelmi's single-crystal x-ray determination of the LiCr 3 O 8 -II structure. We believe that the root of the discrepancy is associated with the chemically rather unrealistic postulate that Li and Cr atoms should be randomly distributed over one and the same site in such structures. On the basis of the present theoretical findings it is strongly recommended that the LiCr 3 O 8 -II structure is subjected to an experimental redetermination.
From 
B. Magnetic properties
During the structural optimization, we also took into account cooperative magnetic ordering and performed simulations for P, F, and AF configurations. ͓Our experience from the calculations of magnetic states for the closely related ACr 3 O 8 ͑A =Na,K,Rb͒ series showed 1 that tested configurations with ferrimagnetic arrangements invariably ended up with F or AF solutions. Accordingly, such variants were not considered in this study.͔ As seen from Fig. 2 , the AF arrangements came out as the ground states for all phases, except Cr 3 O 8 -II which takes F ordering as the lower-energy state. The energy difference between the AF and F states is small in all cases ͑between ϳ4 and 160 meV f.u. −1 ͒. These findings suggest that some of the considered phases may be subjected to an AF-to-F transition on application of a magnetic field.
According to Table II one of the Cr sites in all these phases carries a substantial magnetic moment ͑1.4-2.5 B per Cr atom for the AF states at 0 K and ambient pressure͒ whereas the other Cr sites only exhibit small moment͑s͒. On considering Table II it should be borne in mind that the oxygen atoms also carry small induced magnetic moments. Some of these turned out to be oppositely aligned in the F cases, hence the total moments for Cr 3 O 8 -I and -II came out smaller than the sum of the moments at the Cr1 and Cr2 sites.
Experimental magnetic data are very scarce for these phases: limited to P = 4.2± 0.1 B per Cr atom, ⌰ = −165± 5 K, and T N around 100 K for Cr 8 O 21 , 16 and P = 4.35 B per Cr atom, ⌰ = −170 K, and T N around 80 K for Cr 3 O 8 ͑unspecified͒. 15 ͓Note that these data refer to P states with numerical values extracted from Curie-Weiss relationships and thus follow a different definition of magnetic moment; according to the "spin-only" approximation specified as: P = ͱ 8C mol =2ͱS͑S +1͒.͔ However, powder neutron diffraction was only able to unveil a few very weak magnetic reflections at low temperatures ͑10-100 K͒ for Cr 8 O 21 . 16 Perhaps the clear indication of Néel temperatures in the magnetic susceptibility data for these phases reflects conversion to two-rather than three-dimensional cooperative magnetic ordering.
The magnetic moments at the Cr1 ͑Cr for CrO 3 Fig. 3 . The total den- cally nonequivalent Cr and eight O atoms. Since the energetic distribution of the electronic states for Cr3 and Cr4 are almost same as that for Cr2, illustrations of the site-projected DOS for the former sites are not included in Fig. 3͑b͒ . Only an overall DOS is shown for the oxygen atoms of Cr 8 O 21 . The E F in Cr 3 O 8 -I ͓Fig. 3͑c͔͒ falls on a pseudogaplike feature. Pseudogaps are known 29 to result from covalent hybridization, exchange splitting, charge transfer, d resonance, etc., and the presence of a pseudogap appears to be favorable for stability. The Cr 3 O 8 -II phase, for which both F and AF configurations occur at higher energy than the Cr 3 O 8 -I phase ͓see Fig. 2͑a͔͒ , exhibits a very small band gap ͓0.04 eV; Fig.  3͑d͔͒ 21 show different topology indicating difference in their valence states. The partial DOS of Cr1 in all three phases are similar in the sense that the most prominent peaks are seen in the region −6 to − 4 eV and in a narrow region just below the E F . The majority-and minority-spin channels of Cr2 are almost equally filled, and this implies as mentioned above negligible exchange splitting and consequently a negligible moment at Cr2. More prominent broader densities are seen from −6 to − 2 eV in the VB of both Cr1 and Cr2. Cr1 has sharp peaks closer to E F ͑from −1 to 0 eV͒ which can be attributed to the t 2g orbitals. The crystal field effect brings further stability to the system which can be seen from the splitting of the states closer to E F . On the other hand, Cr2 does not have much DOS close to E F which implies empty e g orbitals and hence larger oxidation state for Cr2 than for Cr1. The x-ray photoemission ͑XPS͒ study 8 on Cr 3 O 8 samples ͑unspecified phase͒ reported two prominent peaks which were interpreted as evidence for the presence of Cr 6+ and Cr 3+ ions. Although assignment of valence states is not appropriate using XPS, the site-projected DOS of Cr1 and Cr2 in Figs. 3͑b͒-3͑d͒ show two such prominent peaks in VB. Owing to the presence of energetically degenerate Cr d and O p states and the layered nature of these phases, the covalent interaction between these atoms is distinct, and indeed it is this interaction which is responsible for the small magnetic moments at the oxygen sites. ͑See It would be appropriate to recall that formal valence state is an accounting tool for keeping track of electrons engaged in bonding interactions and normally denoted with roman numerals. Oxidation state is reserved for the idealized cases with only pure ionic bonding and denoted with arabic numerals. ͑In reality oxidation state is also a formal electron accounting tool and mixing up of these two notations often leads to confusion.͒ Electron accounting according to a pure ionic scheme gives charges of 4+ and 6+ on Cr1 and Cr2, respectively, in Cr 3 O 8 . When Li is intercalated into Cr 3 O 8 an extra electron, formally donated by Li, goes to Cr1 and changes its charge to 3+. However, the present computations show that, for all compounds, the VB contains a large ͑roughly equal͒ number of states for Cr1 and Cr2 ͑certainly no way near the d 0 configuration required for a Cr 6+ state͒. Owing to the hybridization interaction with O 2p, the states at the Cr2 site could at first sight seem to originate from back donation. However, the orbital-projected DOS ͑Fig. 5͒ for Cr1 and Cr2 in Cr 3 O 8 and LiCr 3 O 8 demonstrates a definite number of d states ͑integrated counts gave 3 to 5 electrons; s and p states are negligibly small and not included in the illustrations͒.
In an effort to find the actual valence states ͑sum of the estimated number of electrons involved in ionic, covalent, and metallic bonding interactions according to theory͒ of Cr atoms, we have attempted to quantify the number of electrons present in a given atomic site. We have calculated the Born effective charges ͑BEC͒ for the paramagnetic LiCr 3 O 8 -I. The Born effective charges give information about the amount of electrons that are polarized by the application of an electric field. 30, 31 If the atomic species behave such as closed-shell ions, they should carry an effective charge approximately equal to their nominal ionic value. When the lattice is subjected to displacement, a large amount of nonrigid delocalized charge will flow across the skeleton of the lattice with covalent directed bonds. Owing to this covalence effect one usually obtains larger BEC than the nominal ionic values. High Born-effective charge values indicate that the relative displacements of neighboring ions against each other trigger highly polarized electrons. Hence BEC can be considered as an upper limit for the valences in a given system. The calculated BEC tensor for LiCr 3 O 8 -I in paramagnetic ͑insulator͒ configuration is given in 
D. Bonding characteristics
The information on the chemical bonding in the compounds under investigation is largely gathered from careful analysis of the structural, magnetic, and DOS properties ͑Secs. IV A-IV C͒ together with charge density and charge transfer plots. The insight already gained 1 on the chemical bonding in the closely related compounds ACr 3 O 8 ͑A =Na,K,Rb͒ constitutes a firm basis for the present deductions. Our very broadly directed study of the ACr 3 O 8 compounds included the use of electron localization function and crystal orbital Hamiltonian population analyses as additional tools. However, since the extra tools largely served to confirm the findings from the charge density and charge transfer plots, it was decided to concentrate the efforts on the latter means to illuminate bonding for the present compounds.
In the following we will focus the attention on the bonding situation in Cr 3 O 8 -I and LiCr 3 O 8 -I. There are two main reasons for this choice. First, LiCr 3 O 8 -I is properly isostructural with the ACr 3 O 8 compounds which allows us to draw heavily on the experience from our earlier study 1 and Cr 3 O 8 -I constitutes the "anionic" skeleton of these compounds. Second, the Cr 3 O 8 -I / LiCr 3 O 8 -I pair are of considerable interest in relation to battery aspects, both for pure model considerations and also for potential practical utilization. Moreover, we believe that insight gained on the bonding in Cr 3 O 8 -I and LiCr 3 O 8 -I has large carryover value for illustration of our findings for the closely related phases subject to this study. Figure 6 shows plots of charge density and charge transfer ͑difference between the actual charge in the crystalline solid under investigation and the superposed atomic charge at the corresponding atomic position͒ for Cr 3 O 8 -I and LiCr 3 O 8 -I. The charge density within the Cr 3 O 8 -I skeleton ͓Fig. 6͑a͔͒ suggests that the octahedral Cr1 exhibits considerable covalent interaction with the neighboring basal plane oxygen atoms whereas the charge density between Cr2 and oxygen implies even stronger covalent interaction. However, the charge transfer plot ͓Fig. 6͑b͔͒ does not fully comply with these inferences. The anisotropic charge distribution at Cr1 points to coordinated covalent bonding. The absence of charges in regions between Cr2 and O ͑an indicator for covalent bonding͒ and more positive charges at the oxygen sites imply that Cr2 exhibits a distinct degree of ionocovalent interaction with its oxygen neighbors ͑viz. the Cr2-O bonds signal both charge transfer and directional covalent bonding͒. whereas the tetrahedrally coordinated Cr2 appears to be closer to Cr 4+ than Cr 6+ . The charges associated with oxygen in the presently considered compounds appear close to −1.5. The general feature is that the Cr-O bonds of octahedral configurations have more covalent character than those in tetrahedral arrangements.
Effect of Li intercalation
In order to illustrate the effect of Li intercalation in the Cr 3 O 8 -I lattice, we show the charge density difference between LiCr 3 O 8 -I and Cr 3 O 8 -I in Fig. 7 . The charge difference has been calculated for the same unit-cell dimensions and atomic positions as that of the optimized LiCr 3 O 8 -I phase, so that the electron densities can be subtracted point by point in real space. According to the classic ionic viewpoint: When Li is intercalated into the Cr 3 As already emphasized, the conventional picture of Li donating its valence electron to the host is not applicable here. The mechanism is rather that the lattice undergoes a "self-regulating response" which minimizes the effect of the external perturbations via rehybridization. 5 This is seen as noticeable modifications in the charges around Cr and O atoms in Figs. 6͑c͒ and 7 . The Cr-O bonds undergo changes in hybridization so that Cr1 gains some charges whereas Cr2 depletes some charges. ͑The integrated charge at the Cr1 site is 10.42e in Cr 3 O 8 -I and 10.52e LiCr 3 O 8 -I whereas that at the Cr2 site is 11.64e in Cr 3 O 8 -I and 11.62e in LiCr 3 O 8 -I.͒ A similar situation appears to occur in 33 LiCuSn where the Cu site is mainly affected by the Li intercalation. As the Cr1-O bond length increases from Cr 3 O 8 -I to LiCr 3 O 8 -I, the strength of the covalent interaction decreases. In general it may be said that the valence electrons on a particular atom participate either in bonding or in magnetism. As the Cr1-O bond length increases, the Cr1 electrons contribute more to magnetism which in turn result in increased magnetic moment at Cr1. The situation for Cr2 is different since the average Cr2-O bond length ͑1.66 Å͒ remains almost the same in Cr 3 O 8 -I and LiCr 3 O 8 -I, and consequently no noticeable change in either the bonding interaction or the magnetism takes place.
V. CONCLUSION
On considering a number of different guess structures in structural optimizations of Cr 3 O 8 and LiCr 3 O 8 , it is established that both compounds stabilize with the structural arrangements described in space group C2/m with certain modifications in the atomic arrangements. The optimized structural parameters for Cr 8 
